Surface layers (S-layers) are crystalline protein coats surrounding microbial cells. S-layer 25 proteins (SLPs) regulate their extracellular self-assembly by crystallizing when exposed to an 26 environmental trigger. However, molecular mechanisms governing rapid protein crystallization 27 in vivo or in vitro are largely unknown. Here, we demonstrate that the C. crescentus SLP readily 28 crystallizes into sheets in vitro via a calcium-triggered multi-step assembly pathway. This 29 pathway involves two domains serving distinct functions in assembly. The C-terminal 30 crystallization domain forms the physiological 2D crystal lattice, but full-length protein 31 crystallizes multiple orders of magnitude faster due to the N-terminal nucleation domain. 32 Observing crystallization using time-resolved electron cryo-microscopy (Cryo-EM) reveals a 33 crystalline intermediate wherein N-terminal nucleation domains exhibit motional dynamics with 34 respect to rigid lattice-forming crystallization domains. Dynamic flexibility between the two 35 domains rationalizes efficient S-layer crystal nucleation on the curved cellular surface. Rate 36 enhancement of protein crystallization by a discrete nucleation domain may enable engineering 37 of kinetically controllable self-assembling 2D macromolecular nanomaterials. 38 39 Keywords: protein self-assembly, time-resolved Cryo-EM, microbiology, biophysics 40 41
Introduction 54
The structural determinants of macromolecular phase transitions are important to govern 55 a wide variety of biological processes and disease states (1, 2). Microbial SLPs are highly 56 expressed and ubiquitous proteins that self-assemble on the outside of bacteria and archaea to 57 form crystalline protein coats (3-5). SLPs undergo a phase transition from aqueous to solid as 58 part of their biological assembly and function (6, 7). RsaA, the 98 kDa SLP from Caulobacter 59 crescentus, undergoes environmentally triggered self-assembly, forming sheets of crystalline 60 protein with hexameric 22 nm repeats when exposed to calcium (7, 8) . Recent work from our lab 61 demonstrated that fast, efficient protein crystallization drives S-layer assembly in vivo (9) . 62 Therefore, we examined RsaA self-assembly in vitro using time-resolved small angle x-ray 63 scattering (SAXS), circular dichroism spectroscopy (CD), and time-resolved Cryo-EM to 64 determine the structural basis for S-layer assembly. 65
RsaA consists of two domains, both of which are necessary for successful S-layer 66 assembly in vivo ( Figure 1A) (10, 11) . The N-terminal domain, here defined as RsaA 1-246 , is 67 responsible for anchoring the protein to the cell surface via a non-covalent interaction with 68 specific sugar moieties of the lipopolysaccharide (LPS) outer membrane (11) (12) (13) . In contrast, the 69 C-terminal region is responsible for making the inter-molecular contacts necessary to form the 70 physiological S-layer lattice (10). A recent 2.7 Å resolution crystal structure revealed that the C-71 terminus, RsaA 249-1026 , consists of a series of beta-strands arranged in an L-shape and connected 72 by loops interspersed with calcium-binding Repeat-in-Toxin (RTX) motifs ( Figure 1A ,B) (10, 73 14). Docking this crystal structure into a 7.4 Å resolution electron cryo-tomographic 74 reconstruction of the repeating hexameric unit of the native S-layer lattice confirmed the identity 75 of the side chains coordinating the physiological S-layer crystal contacts ( Figure 1A and S1) 76 (10). This S-layer reconstruction also revealed the location and overall topology of the N-77 terminal domain, which forms an anchoring ring beneath and around the center of each 78 hexameric repeat made by the C-terminal crystallization domain ( Figure 1A ) (10, 11). 79
Using super-resolution microscopy and single-molecule tracking, we have recently 80
shown that during native S-layer assembly, RsaA monomers diffuse while non-covalently 81 attached to the cell surface until incorporated into a growing crystal lattice (9). When no previous 82 S-layer lattice exists, RsaA nucleates 2D crystals at remarkably low concentrations to form stable 83 crystalline rafts with as few as ~50 molecules (9). Advances in imaging modalities such as 84 atomic force microscopy (AFM) and Cryo-EM have allowed for the direct observation of 85 macromolecular nucleation and crystallization for a select few systems at the nanometer scale 86 (15-18). These studies have revealed canonical and non-canonical assembly pathways, including 87 other bacterial S-layer proteins, which can exhibit structurally distinct kinetic intermediates (15, 88 17, 19-21) . Therefore, we asked how the kinetic pathway of RsaA self-assembly might enable 89 efficient S-layer assembly observed in vivo. Using rationally designed RsaA truncations ( Figure  90 1A) and a combination of X-ray crystallography, SAXS, time-resolved Cryo-EM, stability 91 assays, and CD spectroscopy, we identify in vitro structural dynamics that enable rapid 2D 92 crystallization of the C. crescentus SLP, RsaA. 93 94
Results 95
The RsaA N-terminus Enhances the Rate of Crystallization 96
Recent attempts to determine the high-resolution structure of RsaA Full-Length resulted in a 97 2.7 Å resolution crystal structure of the C-terminal domain (RsaA 249-1026 ) (10). This 3D crystal is 98 composed of stacked sheets of hexameric 22 nm repeats characteristic of the 2D physiological S-99 layer crystal lattice (10). To determine whether the unknown structure of the N-terminus 100 contributed to the formation of stacked sheets of the S-layer lattice, RsaA 223-1026 , was cloned, 101 purified, crystallized by the hanging drop method, and diffraction data collected to 2.1 Å 102 resolution (22). RsaA 223-1026 was crystallized with strontium as a calcium analog and the 103 previously reported structure (10) was used as a search model for the molecular replacement 104 method (Table S1 ). The RsaA 223-1026 crystal structure consists of stacked hexameric sheets with 105 substantially similar calcium-binding sites and crystal contacts within and between subunits as 106 previously determined ( Figure 1B and S1) (10). This crystal packing indicates that the 107 crystallization domain can stably assemble into stacked sheets of the S-layer lattice without the 108
N-terminal domain. 109
To compare the kinetics by which RsaA Full-Length and RsaA 223-1026 self-assemble in the 110 presence of CaCl 2 , we performed time-resolved SAXS on both protein forms. Previous work 111 showed that purified RsaA Full-Length crystallizes into sheets upon the addition of 10 mM CaCl 2 (7, 112 8). RsaA Full-Length at 20 µM exhibited Bragg peaks consistent with a 2D protein crystal lattice 113 within two minutes of calcium addition ( Figure 1C) A) The published cryo-tomographic reconstruction of the RsaA hexameric repeat is shown with the crystallization domain surface in light grey and the anchoring domain surface in dark grey (EMD-3604). The previously determined crystal structure of the crystallization domain is docked into one arm of the hexamer with protein ribbon in gold and calcium ions as red spheres (PDB-5N97). Below, a graphical representation of the four RsaA truncation constructs used in this study is given. B) The RsaA 223-1026 crystal structure is shown (grey ribbons with black spheres for strontium ions) with symmetry mates forming the physiological S-layer lattice. A hexamer is shown aligned with the cryo-tomographic reconstruction from (A) (grey surfaces) and an alignment of monomers from both crystal structures is shown at the top. Conserved dimeric, trimeric, and hexameric interfaces are noted by a blue rectangle, triangle, and hexagon, respectively. The 22 nm characteristic spacing between hexameric repeats is noted at the bottom and a black 5.5 nm equilateral triangle notes a pseudo-symmetric center. C) Time-resolved SAXS of 20 µM RsaA Full-Length shows the appearance of powder diffraction when calcium is added. Bragg signal due to powder diffraction (detector image inset) appears within 2 minutes after calcium addition (plot inset marked by dashed box). D) Time-resolved SAXS of 58 µM RsaA 223-1026 shows no evidence of self-association after 5 hours of incubation with 10 mM CaCl 2 . pattern emerged, consistent with a lattice of hexameric 22 nm repeats ( Figure 1C ). Time-116 resolved SAXS of 62 and 100 µM RsaA Full-Length using a stopped-flow mixer to introduce calcium 117 quickly (within 50 ms) showed evidence of rapid assembly. At these concentrations, Bragg peaks 118 appeared within seconds of calcium addition ( Figure S2 ). In stark contrast, 58 µM RsaA 223-1026 119 remained soluble and monomeric 5 h after calcium addition ( Figure 1D ). Therefore, the RsaA N-120 terminus enhances the rate of in vitro crystallization by at least three orders of magnitude. 121
nm

A Calcium-triggered Conformational Change Precedes Nucleation 122
Calcium-triggered self-assembly of RsaA was examined by subjecting multiple 123 concentrations of RsaA Full-Length to SAXS analysis precisely one minute after calcium addition 124 ( Figure 2A -C). Crystallization in suspension can be monitored by quantifying scattering signal in 125 the scattering angles corresponding to the (1,0) diffraction peak of the RsaA crystal lattice 126 (0.032<q<0.048 Å -1 ). RsaA crystallization as measured one minute after calcium addition is 127 concentration-dependent, with initial signal appearing at 25 µM and steady-state crystal growth 128 observed for concentrations above 35 µM (Figure 2A ). To determine whether any 129 conformational changes occur within the protein after calcium addition, but before the 130 appearance of crystals, SAXS data from monomeric RsaA were compared to data collected one 131 minute after calcium addition for RsaA at and below 25 µM ( Figure 2B ). A change in scattering 132
intensity was observed at low scattering angles prior to the appearance of Bragg diffraction 133 signal ( Figure 2B ). This signal corresponds to a decrease in the calculated radius of gyration (Rg) 134 from ~55 Å for calcium-free monomeric protein to ~51 Å for pre-crystallized (calcium added) 135
RsaA Full-Length ( Figure 2C and S3 ). Therefore, a calcium-triggered conformational change occurs 136 after calcium addition, but before self-association. The N-terminus Increases Secondary Structure When Exposed to Calcium 140 SAXS profiles of RsaA 223-1026 with and without 10 mM CaCl 2 show no significant 141 differences in scattering profile despite many known calcium-binding sites within this region of 142 the protein ( Figure 1B ,D and S4). The N-terminal domain may then be responsible for the 143 calcium-dependent conformational change observed in Figure 2B . Although RsaA 1-246 lacks 144 putative calcium binding motifs, calcium-specific stabilization was observed by differential 145 scanning fluorimetry ( Figure 2D and S5). To probe structural changes due to calcium binding, 146
we collected SAXS profiles of RsaA 1-246 with and without 100 mM CaCl 2 ( Figure 2E ). RsaA 1-246 147 displayed a significant change in scattering profile corresponding to a decrease in Rg of 7.4 Å 148 and an increase in globularity ( Figure 2E , F, and S4). 149
Given the calcium-specific conformational change observed for RsaA 1-246 , we utilized 150 circular dichroism (CD) spectroscopy to compare the secondary structure of the N-terminus in 151 the presence of 5 mM EDTA, 10 mM CaCl 2 , or 100 mM MgCl 2 . A calcium-specific response 152 was evident, corresponding to a 13.3% increase in secondary structure ( Figure 2G ). To determine 153 whether this effect was confined to the N-terminus, we created a hybrid construct including all of 154 the N-terminus and the first 7 beta-strands (77 amino acids) of the C-terminus, RsaA 1-323 ( Figure  155 1A). CD spectra of this construct revealed a calcium-specific 9.0% increase in secondary 156 structure ( Figure 2H ), corresponding to a 32% decrease in relative signal with a 27% increase in 157 relative mass between the two constructs. Therefore, the C-terminal 77 amino acids in RsaA 1-323 158 do not contribute to the observed calcium-induced change in secondary structure, which occurs 159 entirely within the N-terminal domain, RsaA 1-246 . 160
A Short-lived Intermediate Crystal Lattice is Observed During Nucleation 163
To observe the steps leading to the appearance of the RsaA crystal lattice, we imaged 164 which possesses significant density in a ring near the center of each RsaA hexamer ( Figure 1A  188 and B). Averaging hexameric repeats from single-layer mature lattices shows electron density 189 that more closely approximates the physiological lattice ( Figure 4C and D) . 190
To better define the structural dynamics within and between these states, difference maps 191 were calculated between these averaged images ( Figure 4E 
Discussion 211
Despite the vast diversity of SLPs (5, 23), the molecular interactions responsible for 212 maintaining a physiological S-layer lattice have been elucidated by crystallography and 213 confirmed by EM for only two proteins to date: RsaA and SbsB, the SLP from the gram-positive 214 bacterium Geobacillus stearothermophilus (6, 10). Calcium-binding in SbsB was shown to 215 directly mediate interactions between domains, thereby compacting the structure into the 216 conformation suitable for crystallization (6). In the case of RsaA, even though calcium-binding 217 sites are evident throughout the crystallization domain, all crystal contacts between monomers 218 occur through amino acid interactions, not by coordinating divalent calcium ions ( Figure 1B and 219 S1) (10). This observation was supported by our SAXS analysis of RsaA 223-1026 indicating that 220 calcium binding does not significantly change the structure of the crystallization domain ( Figure  221 1D). However, calcium stabilizes the secondary structure of RsaA and binds near residues 222 directly involved in crystal contacts such as P693 and T758 at the dimeric interface and T256 at 223 the hexameric interface (Figures S1 and S5) (7, 10). 224
The 2.1 Å resolution crystal structure of RsaA 223-1026 revealed that although calcium-225 binding along the crystallization domain does not induce an observable conformational change, 226 this binding behavior is sufficient to assemble stacked sheets of the physiological S-layer lattice 227 ( Figure 1B) . However, this macroscopic assembly of RsaA 223-1026 occurred over multiple days in 228 the presence of precipitants and aided by a slow concentration process due to vapor equilibration 229 (22). In stark contrast, upon adding 10 mM CaCl 2 to purified RsaA Full-Length , self-assembly occurs 230 readily as observed with small angle x-ray diffraction within two minutes at 20 µM ( Figure 1C) . 231
As a direct comparison, RsaA 223-1026 failed to self-assemble in 5 h under the same buffer 232 conditions and a higher protein concentration ( Figure 1D ). Therefore, the N-terminal domain of 233
RsaA enhances self-assembly kinetics and acts as a nucleation domain. 234
Monitoring protein crystal nucleation at the nano-scale by time-resolved Cryo-EM 235 ( Figure 3 ) revealed that after calcium binding, RsaA crystallizes into sheets via a multi-step 236 pathway. At 20 µM, RsaA Full-Length self-assembles into mature crystals within 120 s ( Figure 1C The crystallization domain possesses all the residues necessary to form the long-range S-250 layer lattice, yet we observe a nucleation domain-dependent multi-step assembly pathway of 251
RsaA Full-Length . How does the nucleation domain mediate assembly kinetics? The precise 252 mechanism by which this nucleation domain enhances the rate of self-assembly without directly 253 participating in most intermolecular contacts remains unclear. By isolating and examining RsaA 254 truncations, we determined that the nucleation domain undergoes a calcium-specific 255 
Protein Purification 282
Purified RsaA Full-Length in the absence of CaCl 2 was previously shown to partially unfold 283 at 28°C (7). Therefore, all RsaA samples were kept cold (<4°C) at all times unless otherwise 284 noted. RsaA Full-Length protein was purified similarly to previously reported methods (7). C. 285 crescentus NA1000 cells were grown to early stationary phase at 30°C in PYE medium, shaking 286 at 200 rpm. The culture was then pelleted by centrifugation and stored at -80°C. Approximately 287 1 g of cell pellet was thawed on ice, re-suspended with 10 mL of ice cold 10 mM HEPES buffer 288 pH 7.0, and centrifuged for 4 min at 18,000 rcf. This washing step was performed three times. 289
The pellet was then separated into 10 aliquots and each was re-suspended with 600 µL of 100 290 mM HEPES buffer pH 2.0. These cell suspensions were incubated on ice for 15 min and then 291 spun for 4 min at 18,000 rcf. The supernatants were then pooled and neutralized (pH = 7) by the 292 addition of 5 N NaOH. To remove free divalent cations, 5 mM ethylenediaminetetraacetic acid 293 Escherichia coli BL21 (DE3) cells were transformed with the plasmid encoding either RsaA 1-246 318 or RsaA 1-323 . Cells were grown in LB with 30 µg/mL kanamycin, shaking at 200 rpm, until an 319 OD 600~0 .8 was reached, at which point protein expression was induced by the addition of 0.5 320 mM isopropyl 1-thio-β-D-galactopyranoside (Gold Biotechnology). Temperature was reduced to 321 16°C for overnight expression. Cells were then pelleted and either stored at -80°C for future use 322 or re-suspended in lysis buffer containing 50 mM Tris/HCl pH 8.0, 500 mM NaCl, 10% glycerol, 323 and 0.2% Tween 20. Cells were lysed using a sonicator (Qsonica) and subsequently centrifuged 324 at 31,000 rcf for 45 min. RsaA 1-246 and RsaA 1-323 were found to form insoluble inclusion bodies, 325 which were isolated as the pellet from the previous spin and re-solubilized using denaturation 326 buffer consisting of 50 mM Tris/HCl pH 8.0, 150 mM NaCl, 100 mM CaCl 2 , and 6 M 327 guanidine/HCl. After gentle agitation for 1 hr at room temperature, the solubilized protein was 328 centrifuged at 31,000 rcf for 45 min. The resulting supernatant was isolated and filtered using a 329 0.22 µm PES syringe filter. Ni-NTA resin was added to the protein solution and the resultant 330 slurry was allowed to dialyze overnight at 4°C against 50 mM Tris/HCl pH 8.0, 150 mM NaCl, 331 and 100 mM CaCl 2 . The next day, the Ni-NTA resin was isolated in a gravity column and 332 washed with 50 mM Tris/HCl pH 8.0, 150 mM NaCl, and 20 mM imidazole until the flow-333 through was clear. Soluble, refolded protein was then eluted from the Ni-NTA resin using 10-15 334 mL of 50 mM Tris/HCl pH 8.0, 150 mM NaCl, and 200 mM imidazole. The resulting protein 335 solution was concentrated to 5 mL, treated with 5 mM EDTA, and injected onto a Highload 336 Superdex200 16/600 size exclusion column with the same running buffer as for the other 337 constructs: 50 mM Tris/HCl pH 8.0 and 150 mM NaCl. RsaA 1-246 and RsaA 1-323 eluted at 0.71 338 CV and 0.63 CV, respectively and purity was assessed by SDS-PAGE ( Figure S8) . 339
X-ray Crystal Structure Solution and Refinement 340
Diffraction data of RsaA 223-1026 were previously collected and reported (22). A dataset 341 collected at 0.9795 Å wavelength was reprocessed using Aimless (25) to 2.1 Å resolution based 342 on a moderately conservative CC1/2 score of 0.6. CC1/2, the correlation of one random half of 343 the observations to the other half, was used to determine the high resolution limit over the widely 344 used R merge and Mean(I)/σ(Mean(I)) due to more recent empirical evidence by Karplus and 345 Diederichs (26) indicating that the latter protocols discard too much useful data. The crystal 346 structure of RsaA 223-1026 was solved by molecular replacement (PHENIX) using chain A from 347 PDBID: 5N8P. Six molecules corresponding to residues 245-1026 were placed in the 348 asymmetric unit and were iteratively modeled (Coot) and refined (PHENIX) against the data. 349
Anomalous difference maps were generated from the previously reported 1.5421 Å wavelength 350 dataset (22) and one collected at 0.7685 Å wavelength, both from the same crystal as the 351 0.9795Å wavelength dataset used to build the reported model. Phases from the model were used 352 alongside ligand stereochemistry considerations to identify 124 strontium and 150 iodide ions. 353
Refinement and modeling statistics can be found in Table S1 . Map and coordinate files are data taken 1 min after adding 10 mM CaCl 2 were collected in a series of ten or twelve 1 s 362 exposures. Fast (seconds to sub-second) time-resolved SAXS experiments were performed using 363 a customized SFM-400 four syringe stopped-flow mixer (Bio-Logic Science Instruments) to 364 facilitate fast mixing. Time-resolved data sets were collected with increased x-ray beam flux 365 using a double multilayer monochromator with a 2% energy bandpass to enable sub-second 366 exposure times at reasonable signal-to-noise levels. 367
For RsaA 1-246 and RsaA 223-1026 , SAXS data were collected at the SIBYLS beamline 12.3.1 368 at the Advanced Light Source (ALS) (28). In this case, a 2 m sample-to-detector distance and 369 beam energy of 11 keV (λ=1.13 Å) allowed for a data range of 0.0086 Å -1 ≤ q ≤ 0.40 Å -1 . SAXS 370 data were collected in a series of 32 0.3 s exposures. At both light sources, the q scale was 371 calibrated with silver behenate powder and RsaA solution aliquots were injected directly into a 372 temperature-controlled (10°C) flow cell. All images were then reduced as previously described 373 (28) or using the program SasTool 374 (http://ssrl.slac.stanford.edu/~saxs/analysis/sastool.htm). Profiles of each frame were 375 analyzed for possible effects of radiation damage and averaged automatically using SasTool or 376 manually using Primus (29). Averaged buffer curves were subtracted from all averaged protein 377 curves and Guinier analysis was performed using Primus (29). 378
Differential Scanning Fluorimetry 379
Stability measurements of purified RsaA protein were performed using the Thermofluor 380 assay, which consisted of 45 µL of protein solution between 0.2 mg/mL and 1 mg/mL mixed 381 with 5 µL of 10X ion solution (or water) as well as 0.5 µL of 10,000X SYPRO Orange Protein 382
Gel Stain (excitation/emission wavelength, λ = 490/590 nm) (Thermo Fisher Scientific). 383
Temperature was increased at a rate of 1°C per minute from 4°C to 100°C and fluorescence was 384 measured every minute with a qPCR thermocycler in FRET mode (Bio-Rad). Aggregation 385 temperature was determined by locating the global minimum of the second derivative of the raw 386 data. Binding data were fit to a single-site binding model using Prism (GraphPad). 387
Circular Dichroism Spectroscopy 388
Circular Dichroism (CD) measurements were performed using a J-815 Circular 389
Dichroism Spectrometer (Jasco). Far-UV spectra (200-260 nm) were recorded in a 1 mm path-390 length quartz cell with an exposure time of 1 sec/nm. The sample cell was maintained at 10°C 391 and three scans were collected and averaged for each sample. RsaA 1-246 and RsaA 1-323 were 392 brought to a final concentration of 1-3 µM and a uniform volume of CaCl 2 , MgCl 2 , or buffer was 393 added to each sample before acquiring spectra. A buffer spectrum with the appropriate added ion 394 was subtracted from each sample spectrum before plotting. 395
Electron Microscopy 396
Time-resolved Cryo-EM was performed using a 200 keV TF20 electron microscope 397 (Thermo Fisher Scientific) equipped with a K2 direct electron detector (Gatan). To begin 398 crystallization, 10 mM CaCl 2 was added to a solution of 20 µM RsaA Full-Length . At 95% humidity, 399 3 µL of crystallizing sample was applied to a 200 mesh, lacey carbon, copper EM grid (EMS), 400 blotted for 2 seconds, and plunge-frozen into liquid ethane using a Leica EM GP (Leica 401 Microsystems). Sample application and subsequent plunge freezing were carefully timed such 402 that the EM grid entered liquid ethane 30, 60, 90, or 120 s after initial calcium addition. Batches 403 of images totaling 3.76, 2.94, 4.71, and 4.68 µm 2 of imaged area respectively were acquired from 404 each time point at 29,000X magnification and 3 µm defocus. 405
Motion correction was performed using Digital Micrograph software (Gatan). Subsequent 406 CTF correction and 2D averaging was performed using Relion 2.1.0 utilizing a GPU to 407 accelerate processing. For 2D averaging, we first manually picked ~100 visible particles on an 408 arbitrarily selected micrograph with particle diameter set to 220 Å, from which we generated an 409 initial 2D average map. We then used the 2D average as a template to search for all candidate 410 particles across all the available micrographs (mature: 18 micrographs; intermediate: 43 411 micrographs) by using the "Auto-picking" function in Relion with picking threshold 0.9 and 412 minimum inter-particle distance 210 Å. We performed manual screening to remove stacked-layer 413 particles and other false positives. Particles that passed the screening were then extracted from 414 the micrographs and classified by the "2D classification" function in Relion. We used default 415 parameters except the mask diameter was set to 450 Å and with an in-plane angular sampling of 
